Human apolipoprotein E is the most important supplier of the cholesterol precursor for steroid hormone production in steroidogenic tissues and therefore could play a role in the regulation of steroid hormone function and influence human reproduction. This hypothesis has been confirmed by studies describing a differential fertility associated with common apolipoprotein (APOE) genotypes in two European populations. In the present investigation the impact of APOE genetic variation on fertility was studied in two Ecuadorian populations, African-Ecuadorians (57 women) and Cayapa Indians (27 women). In addition some biodemographic variables concerning women's fertility were investigated (124 African-Ecuadorian women; 40 Cayapa women) to better understand the APOE -fertility relationships in these pre-industrial populations. General fertility rates in both populations were very high (6.5 and 6.2 for the African-Ecuadorians and for the Cayapa respectively). When considering only women near the end of reproductive life ($ 40 years), a more marked difference was observed between the two groups (9.1 versus 7.7, P 5 0.09). In both communities, the highest number of children was found to be associated with the e*4/e*3 genotype; the e*4/e*3 genotype frequency (0.50) in the African-Ecuadorian women with 9 -17 children was about three times that of the women with 0-8 children (0.14) (P 5 0.02). The present findings are at variance with those observed in European populations, where e*3/e*3 was the genotype associated with the highest reproductive efficiency. A possible explanation for this inconsistency could be due to the different functional properties associated with the e*3 and e*4 alleles and to genotype interactions with environmental factors including reproductive strategies.
Introduction
Apolipoprotein E (APOE ¼ gene, apoE ¼ protein) plays a central role in plasma lipoprotein metabolism and in lipid transport within tissues; it is also involved in cholesterol absorption from the intestine (Kesaniemi et al., 1987; Mahley and Rall, 2000) . APOE shows a genetic polymorphism determined by three common alleles, e*2, e*3, e*4, that can be revealed both at the protein and the DNA level (Utermann et al., 1977; Wenham et al., 1991) . ApoE is the most important supplier of the cholesterol precursor for steroid hormone production in steroidogenic tissues (Polacek et al., 1992; Swarnakar et al., 1998; Mahley and Rall, 2000; Zofkova et al., 2002) . This suggests that apoE could play a role in the regulation of steroid hormone function and, therefore, influence human reproduction at various stages such as age at puberty or menopause, or fertility (Finch and Sapolky et al., 1999) . This hypothesis has been confirmed by studies reporting an effect of APOE common polymorphism on serum levels of testosterone and dehydroepiandrosterone in postmenopausal women (Zofkova et al., 2002) and by other studies describing a differential fertility associated with common APOE genotypes in two European populations (Gerdes et al., 1996; Corbo et al., 2004) . The latter studies shared the finding that homozygotes for e*3 (112 cys,158 arg), the most common allele, showed a higher fertility (number of children) than did e*2 (112 cys,158 cys) or e*4 (112 arg,158 arg) carriers. It was suggested (Corbo et al., 2004) that the different reproductive efficiency of the APOE genotypes could reflect an effect on steroidogenesis of the different total cholesterol levels associated with the APOE genotypes. Actually the products of the three alleles (isoforms) have different functional properties which affect plasma lipid levels: compared with e*3, the e*4 allele is associated with higher levels of plasma total and LDL cholesterol, and apolipoprotein B, and lower apoE, whereas e*2 is associated with lower levels of total and LDL cholesterol, and apolipoprotein B, and higher apoE (Mahley and Rall, 2000) . The finding of an increased fertility in e*3/e*3 homozygotes is consistent with the hypothesis that the E3 isoform properties are the most advantageous for humans, the e*3 allele being the most frequent in human populations .
Because the relationships between the APOE polymorphism and lipid metabolism are influenced by environmental factors, the impact of APOE genetic variation on fertility could also vary according to the ethnicity and/or the lifestyle of different populations. To test this hypothesis, we extended the analysis of the relationship between APOE and fertility to two samples from the African-Ecuadorian and Native American (the Cayapa Indians) communities living in Esmeraldas province, northwestern Ecuador. In addition several relevant biodemographic variables concerning women's fertility and newborn viability were investigated to better understand the APOE/fertility relationships in these populations.
The samples for which records on reproductive habits could be collected are quite small, especially for the Cayapa Indians.
Nonetheless the Cayapa sample represents ,15‰ of all the Cayapa women living today. The two samples are collected from preindustrial populations which represent the only ones nowadays in which factors affecting 'natural' fertility can be still studied. In developed countries, the homogenization of reproductive patterns at very low levels makes it quite difficult to identify the genetic and environmental components of fertility.
Materials and methods

Subjects
The samples analysed in this paper are part of a larger sampling, randomly collected, constituted of healthy individuals of both sexes, apparently unrelated, belonging to all age classes. Data on fertility and newborn viability were collected through interviews with 164 female subjects (124 AfricanEcuadorians and 40 Cayapa Indians) living along the Cayapas river and its tributaries in the province of Esmeraldas, northwestern Ecuador. The African-Ecuadorian community is a rural settlement derived mostly from slaves who escaped from Colombia and phenotypically resemble West Africans. The family structure is mainly polygamic and patrilineal. A more detailed description of the community's living conditions and genetic and demographic structures is given in a previous exhaustive paper ( MartinezLabarga et al., 1999) . The Cayapa Indians, also known as the Chachi, are of Andean origin (De Boer, 1987) . The total population numbers ,3600 individuals (Carrasco, 1988) ; at present, they represent more than half the population living in the Cayapas area. The family structure is nuclear; although they live near the African-origin communities, no intermarriage seems to occur between them Scacchi et al., 1994; De Stefano et al., 2000) .
Blood samples could only be collected from part of the total sample (n ¼ 87). Venous blood was drawn in acid citrate dextrose (ACD) from all subjects after overnight fasting. Donors were asked to supply their name, birthplace, language and ethnicity for three ascending generations to allow us to determine the extent of recent admixture. Informed consent was obtained from all subjects.
DNA analysis
High-molecular weight DNA was extracted from whole blood using the salting out method described elsewhere (Miller et al., 1988) . The APOE genotypes were detected by restriction fragment length polymorphism (RFLP) analysis described elsewhere (Wenham et al., 1991) . The sequence including the two polymorphic sites was amplified by PCR in a Perkin-Elmer thermal cycler apparatus. The PCR products were digested with Cfo I and the fragments were electrophoresed on agarose gel according to standard techniques.
Statistical and demographic analysis
Allele frequencies were determined by the gene counting method, and the agreement of the genotype distribution with Hardy-Weinberg expectations was calculated by a x 2 -test. Both samples were in Hardy-Weinberg equilibrium. Standard statistical tests were performed to compare fertility differences between the two populations. Comparisons between the mean number of children observed in the different APOE genotypes were performed by parametric (ANOVA) and non-parametric tests (Kruskall -Wallis). Estimates of statistical power (1 -b) were calculated according to Cohen (1988) , i.e. we calculated the probability of rejecting the null hypothesis, when the null is false. In this analysis the null hypothesis is that the APOE genotypes are associated with the same number of children. Prior to the analyses, the number of children values were adjusted for mother's age by linear regression analysis.
For the demographic variables, perinatal mortality includes stillbirth rate plus deaths in the first week of life. Infant mortality refers to babies that died in the first year of life per 1000 livebirths. Data on abortion were quite scanty and scattered and so were considered unreliable for the purposes of this study.
Results
Demographic variables concerning the women's fertility and newborn viability of the populations are reported in Table I .
The mean age at menarche was 13.9^1.9 years for the AfricanEcuadorians and 14.2^1.3 years for the Cayapa, which fell within the ranges reported for African or South-American populations (Thomas et al., 2001) . First pregnancy age and birth interval were quite low in both samples. In the African-Ecuadorians and in the smaller sample of the Cayapa Indians, the mean number of pregnancies per woman and the mean number of liveborn children per woman were calculated from the total sample of mothers. To obtain information on fertility at the end of reproductive life, both parameters were calculated also for mothers aged $ 40 years. The decision to set the threshold age at 40 years was based on the result of a preliminary analysis on fertility in different maternal ages, which showed that the mean number of children plateaued out after age 40 years. The only statistically significant difference between the two communities was the mean number of pregnancies per woman in mothers aged $40 years (P ¼ 0.004). The comparison between livebirths per woman aged $ 40 years was approaching significance but was not actually significant (P ¼ 0.09). In the African-Ecuadorian population, the stillbirth rate is 16.0‰, the perinatal mortality (stillbirth plus mortality within the first week) is 61.5‰ and the mortality within the first year of life is 82.5‰. The small size of the Cayapa sample (n ¼ 40) did not produce reliable results on early mortality. APOE allele frequencies in the African-Ecuadorian sample were e*2 ¼ 0.158^0.034, e*3 ¼ 0.553^0.046, e*4 ¼ 0.289^0.042. They fell within the range of allele frequencies reported for SouthSaharan Africans . Table II lists the mean number of liveborn children by mother's APOE genotype. Because the number of children strongly depends on the mother's age (Table I) , both crude values and values adjusted for mother's age are listed (Table II) . In the crude and the adjusted values, the highest number of children was found in e*4/e*3 heterozygotes, though the difference in the mean number of children among the APOE genotypes was not significant. When the number of pregnancies was considered, the same result was observed. The power calculation of these analyses is low (1 -b , 0.80) and the probability of making a type II error is high (b . 0.20). In fact a significant result was achieved with a different approach: the women were divided into two groups according to the number of children they had, using as a threshold value the median (8.1) of the distribution of the number of children (adjusted for mother's age); the APOE genotype and the allele frequencies were then calculated for each group (Table III) . In the group of women with 9 -17 children, the e*4/e*3 genotype frequency was about three times that observed in the group with 0 -8 children, while the e*3/e*3 frequency dropped from 40 to 14% (heterogeneity test: x 2 ¼ 8.4, df 2, P ¼ 0.015). The allele frequencies in the Cayapa (e*3 ¼ 0.679^0.062, e*4 ¼ 0.321^0.062) were similar to those reported in a larger sample (e*3 ¼ 0.720^0.033, e*4 ¼ 0.280^0.033) (Scacchi et al., 1997) . The absence of e*2 allele is a feature typical of Native Americans (Scacchi et al., 1997) . Table IV lists the mean number of pregnancies and liveborn children by mother's APOE genotype in the Cayapa. In mothers carrying the e*4/e*3 genotype, a tendency toward having more children was observed, although no significant difference was found between the groups. Also in this case the statistical power is very low (1 -b ! 0.80), probably because of the sample size. The sample size was too small to subdivide it according to the number of children.
Discussion
ApoE is recognized as an important molecule in several metabolic functions such as lipid transport or neuronal repair/protection and it is also involved in related pathologies of advanced age, such as cardiovascular disease (CVD) and Alzheimer's disease (AD) (Mahley and Rall, 2000) . There are indications that apoE may play a role in reproductive functions as well. The present study investigated the relationships between APOE polymorphism and reproductive efficiency in two pre-industrial populations of African origin and in Native Americans. The findings were compared with those previously obtained from European populations to detect possible differences in heterogeneous environmental conditions. The African-Ecuadorian and the Cayapa communities offer a good example for exploring natural fertility in pre-industrial populations. Since at the time of data collection the subjects were not using any contraception methods, the number of children reported here can be considered an actual measure of biological fertility. In both populations, the general fertility rates (6.5 and 6.2 for AfricanEcuadorians and for the Cayapa Indians respectively) agree closely with the value reported for the Esmeraldas province (6.1) which, in turn, has one of the highest fertility levels among the provinces of Ecuador (Pozo Avalos, 1997) . When considering only women near the end of reproductive life ($40 years), a marked difference was observed between the two groups (9.1 versus 7.7, Table I ). The reason for the higher reproduction levels observed in the AfricanEcuadorian group might be partly explained by the hypothesis that multiplicity of sexual unions has a positive effect on fertility (Chen et al., 1977) . This observation is in agreement with the different sexual behaviours of the two communities, i.e. unstable sexual unions in the African-Ecuadorians versus stable matings in the Cayapa . The mean maternal age at first birth is lower than that reported for the overall Ecuadorian population (20.7 years) (On line Population Reports, 1994) and the birth interval is near the lower limits for an optimum spacing between births (27-38 months). These results could explain the high fertility and the high infant mortality rate found among African-Ecuadorians, 82.5‰. This value is higher than the index of infant mortality observed in the overall Ecuadorian population, 53‰, for the period of the sample collection (Anonymous, 1991) . On the whole, the biodemographic indices reflect the poor socioeconomic conditions of these communities that have a subsistence economy based on fishing, hunting and agriculture for domestic consumption Martinez-Labarga et al., 1999; De Stefano et al., 2000) .
In the African-Ecuadorians, the largest sample, the relationship between APOE genotypes and number of liveborn children seems to indicate that the highest fertility is associated with the e*4/e*3 genotype because women carrying it tend to have the highest number of children, and because the e*4/e*3 genotype is the most frequent (50%) among women with 9 -17 children. Unfortunately, the sample size was too small to make a fertility scale for the other genotypes, which seem to be loosely associated with a similar number of children. In the sample of the Cayapa, only a tendency in the same direction was seen, but substantially the three genotypes show similar reproductive efficiency. The present findings are at variance with those observed in European populations (Gerdes et al., 1996; Corbo et al., 2004) , where e*3/e*3 was the genotype found to be associated with the highest reproductive efficiency (1.9 children in Denmark, 3.9 in Italy) and e*4 and e*2 carrying genotypes with reduced fertility. A possible explanation for this inconsistency could be due to genotype-environment interactions. Most pre-industrial populations have lower plasma cholesterol levels than those observed in western countries. In these populations individuals carrying e*3 and the hypercholesterolaemic e*4 allele would be favoured because this allele could help in rebalancing cholesterol levels which would otherwise be too low and enhancing steroidogenesis, could play a favourable role in fertility. e*4/e*4 homozygotes would not be associated with increased reproductive efficiency as they lack the useful properties of the E3 isoform. The observation that the e*3/e*2 genotype is also associated with somewhat higher fertility compared with e*3/e*3 is in contrast with the result obtained in the Italian sample, where the lowest fertility was found in subjects carrying e*2, the allele generally associated with lower total cholesterol levels (Corbo et al., 2004) . However, the diffence between e*3/e*3 and e*3/e*2 genotypes does not have the same statistical relevance as that between e*3/e*3 and e*4/e*3 genotypes.
The present data indicate that the differences in functional properties among apoE isoforms may be relevant not only in biological processes of advanced age (cardiovascular diseases and neurodegenerative disorders) but also during reproductive age. In this case too, their effects seem to be modulated by environmental factors, including not only dietary habits, but also reproductive strategies (number of children, birth interval, stable/unstable matings, age at first birth, etc.). It should be noted that some factors (number of children, birth interval) are those reproductive characteristics that present family planning programmes try to act on. The implication is that the genetic component of fertility will diminish with time and that the fertility scale is likely to be tipped in favour of the environmental component. As has occurred in industrialized countries, so too in pre-industrialized populations like the African-Ecuadorians and the Cayapa Indians 'cultural' fertility may eventually substitute 'natural' fertility, thus changing the pre-existing genotype -environment relationships. 
